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ABSTRACT 


A model was developed for the mass distribution of fragments that 
are ejected at a given velocity for impact and explosion craters. 
The model is semi-empirical in nature and is derived from (1) 
numerical calculations of cratering and the resultant mass versus 
ejection velocity, (3) observed ejecta blanket particle size distribu- 
tions, (3) an empirical relationship between maximum ejecta frag- 
ment size and crater diameter and an assumption on the func- 
tional form for the distribution of fragments ejected at a given 
velocity. This model implies that for planetary impacts into com- 
petent rock, the distribution of fragments ejected at a given velo- 
city are nearly monodisperse, e.g. 20% of the mass of the ejecta at 
a given velocity contain fragments having a mass less than 0.1 
times a mass of the largest fragment moving at that velocity. 
Using this model, we have calculated the largest fragment that can 
be ejected from asteroids, the moon, Mars, and Earth as a function 
of crater diameter. Upon formation of a 50 km diameter crater on 
an atmosphere less planet having the planetary gravity and radius 
of the Moon, Mars, and earth, fragments having a maximum mean 
diameter of «ikm, 10 to lO^m, and 3 m could be launched to 
escape velocity in the ejecta cloud. In addition, we have calculated 
the internal energy of ejecta versus ejecta velocity. The internal 
energy of fragments having velocities exceeding the escape velo- 
city of the moon ('“2.4 km/s) will exceed the energy required for 
incipient melting for solid silicates and thus, constrains the 


maximum ejected solid fragment 
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IntrodueliMi 

In this paper ve have developed models for the distribution of 
fragments that are ejected at a given velocity for both impact and 
explosion cratering. The results from these models have applica* 
tion to the physics of planetary accretion and the origin of meteor- 
ites. 

Upon accretion of a planet via the process of planetesimal 
impact on the surface, most (60 to 80% depending on velocity) of 
the energy of the infalling planetesimal is transferred into thermal 
energy of a shocked planetary material [O’Keefe and Ahrens, 
I977aj. Virtually all of the planetary target material which is taken 
up in the resulting cratering motion receives this internal energy 
and a large fraction of this material eventually moves upward pro- 
ducing ejecta. Although all of the ejecta by definition is set into 
upward motion, depending on the size of the resulting crater and 
planetary gravity, only a portion of the material is projected out- 
side the transient crater cavity. The amount of thermal energy 
deposited in the ejecta which is retained by the planet will depend 
on: 1) how quickly the ejecta becomes buried, 2) how much energy 
is lost to space via radiation, and 3} whether or not a coaccreting 
atmosphere [Lange and Ahrens, 1982] absorbs the thermal energy 
of ejecta by conduction and then reradiates it [Safronov, 1972; 
Kaula, 1979]. For a given impact accretional history, the above 
processes depend explicitly on size and velocity of the impacting 
bodies and the resulting mass of ejecta launched at various veloci- 
ties as well as the size distributions of the particles that are 
ejected. 
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The degree to which the 20 to 30% of the energy of the impact 
which resides in the kinetic energy of the impact ejecta [O’Keefe 
and Ahrens, 1977a] can be coupled into the coaccreting atmo- 
sphere [Lange and Ahrens. 1982] or coupled as thermal energy in 
the planetary regolith depends on the size and velocity distribution 
of the ejecta. In addition, the depth and range of surface layer 
stirring resulting from the impact curtains of secondary ejecta 
[Oberbeck, 1975] is also a function of the size and velocity distribu- 
tion of ejecta. 

The understanding of the origin of several meteorite types 
which may be impact derived fragments from other planetary sur- 
faces depends upon the understanding of impact mechanics and 
explicitly the relationship between fragment size and velocity of 
ejection. 

A recent discovery of a meteorite, ALHA (81005), in the 
Antarctic [Ostertag and Ryder, 1963; Treiman and Drake, 1983; and 
Warren et al.. 1983] has physical and chemical characteristics 
which imply lunar origin. The issues associated with this discovery 
are the consistency of this find with the orbital and capture 
mechanics and with the cratering mechanics. 

The origin of the SNC (shergottites, nakhlites, and chassig- 
nites) class of meteorites is more difficult to understand. The phy- 
sical characteristics imply a Martian origin which would require an 
ejection velocity greater than 5 km/s to be accreted by the earth 
[Nakamura et al., 1977; McSween et al., 1979: Nyquist, 1982; Wasson 
and Wetherill, 1979; Dogard and Johnson, 1983]. This high ejection 
velocity along with requirements that the ejecta size be large 
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(>10m) haa spawned considerable debate by those who hive been 
examining the impact dynamics [Gault, 1963; Singer, 1983; Melosh, 
1983: Nyquist, 1983; Ahrens and O'Keefe, 1983], 

The impact ejection of fine dust into the Earth's atmosphere 
has been proposed as a mechanism for extinctions that occurred 
at the end of the Cretaceous [Alvarez et al„ 1980]. This event may 
have produced a drastic short*term effect on climate which caused 
the sudden and dramatic extinction of many forms of life. Models 
of the effect of injection of very large amounts of impact-induced 
dust into the stratosphere and upper troposphere [Toon et al., 
1982; Gerstl and Zardecki, 1982] depend critically upon the 
theoretical cratering models for the total amount of dust ejecta 
available and the size distributions as a function of altitude 
[O'Keefe and Ahrens, 1982; Jones and Kodis, 1982]. 

The relationship of ejecta particle size for Impact and explo- 
sions on rock has received considerable experimental and some 
recent theoretical attention. 

Gault et al. [1963], and Fujiwara et al. [1977, 1980], and Lange 
and Ahrens [1982, 1983] have experimentally measured the size 
distributions of ejecta from impacts on various geological media. 
Data pertaining to ejecta from chemical and nuclear explosions 
have recently been summarized by Schoutens [1979], Most models 
of cratering flow assume a continuum, thus ejecta size is not expli- 
citly obtained. The lack of methods for calculating the particle 
size (and mass at a given size and given velocity) is a major 
shortcoming. Grady and Kipp [1980] and Shockey et al. [1974] have 
made inroads on this problem and have derived analytic and 


numerical models of dynamic fracture size distributions based on 
statistical theories of flaw-induced failure using analytical and 
computational methods, respectively. Recently Melosh [1983] has 
proposed a theory which predicts both the size and velocity of the 
failure of the spall failure surface ejecta from around impacts and 
has discussed this process in relation to the question of obtaining 
unshocked samples from other planetary surfaces via impact. 

The present study was motivated by the need to obtain a rela- 
tionship between particle size, ejecta velocity and ejecta mass at 
diflerent velocities for impact and explosion craters which are 
larger than those easily studied in the laboratory (0. 1 to 1 meter). 

Approaeti 

In this paper we have developed a technique for determining 
the distribution of fragments that are ejected at a given velocity. 
The approach taken differs from the approaches of Shockey [1983], 
Grady and K'pp [1980] in that we have chosen to solve an inverse 
problem. The problem is as follows. There is a considerable data 
based on the distribution of fragments in the ejecta blankets of 
impact, explosion and nuclear craters. In addition, we know from 
detailed hydrodynamic calculations of impact induced flow flelds 
[O’Keefe and Ahrens, 1983, 1962, 1977b], the amount of mass 
ejected at a given velocity. By making the assumption that the dis- 
tribution of fragments that are ejected at a givan velocity is a 
function of the ejection velocity, an expression can be developed 
which relates the distribution of fragments in the ejecta blanket to 
the amount of mass ejected at a given velocity and the unknown 
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distribution of fragments ejected at a given velocity. 

We discuss below the: 1) experimental data base for the dis* 
tribution fragments in the ejecta blankets of impact, explosion, 
and nuclear craters, 2) the hydrodynamic calculations of the 
impact induced flow fields and the amount of mass ejected at a 
given velocity, and 3) the details of the fragmentation theory. 

Experimentai data 

The distribution of fragments from both natural and labora- 
tory impacts and nuclear and chemical explosions have been 
measured by a number of researchers and have been summarized 
by Hartmann [1969], Seebaugh [1975], and Schoutens [1979], 
Hartmann [1969] showed that these distributions could be flt by a 
power law function: 

Mt 

or alternatively 

( 2 ) 

where is the cumulative mass having individual fragments not 
exceeding a mass m, or a diameter A, and is the total mass of 
ejecta. Here, m^ and A^ is the maximum mass and maximum mean 
diameter of the ejecta fragments. Equation (1) mav be written in 
the complementary form: 


m 


mb 


a/ 3 


( 1 ) 


Mc/MT = [l-(m/mb)~'’l 


(3) 
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where Me ia now the cumulative maas in ejecta having particlea 
with a maaa gmattr than m. 

The diatributiona repreaented by Eqa. 1*3 are aimilar in form 
to thoae found in the case of crushing and milling of rocks. The 
exponents of the power law are indicative of severe crushing and 
multiple fragmentation. The exponent a for impact events is found 
to be in the range from 0.4 to 0.55 and the ejecta distribution for 
many nuclear and chemical explosions have similar distributions 
as impact events (Fig. 1). 

The power law distributions have both lower and upper limits 
of fragment size. Gault et al. [1963] determined these limits from 
a number of laboratory and field experiments. Shoemaker [1968] 
employed telescopic measurements of the distribution of secon* 
dary crater sizes from the lunar crater, Copernicus, to determine 
the relation between velocity and ejecta size. Gault et al. [1963] 
developed a relationship between the largest fragment in the 
ejecta blanket and the crater size. This is shown in Fig. 2 and a At 
to the data in the large impact regime is given by: 

Mv = 0.2 Mf • (4) 

Implicitly, Eq. 4 implies that as larger craters are excavated on a 
planetary surface, larger and that more coherent rocks are 
exhumed. Hence, the size of the largest ejecta fragment increases 
with crater size. The lower limit on fragment size which satisAes a 
power law At, has not been described in detail. However, the 
impact experiments of Gault et el. [1963] provide some insight. 
Referring to Fig. 1, the amount of mass in fragments less than 10~^ 
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cm decreates rapidly with dacreasing particla liza. This could be 
the result of a decrease in the number of activated (laws that have 
spacings of less than 10~^ cm in the rock. Another mechanism 
which may possibly explain the deficit of smaller particles is the 
coagulation of fine particles prior to sampling. The deficit of fine 
particles, relative to a power law (It is not unique to either impact 
ejecta or ejecta from contained explosions (e.g. Piledriver). Simi- 
lar deficits in the cumulate mass of particles less than 10~* to 10~^ 
cm diameter have been observed in the ejecta from several high 
explosive tests carried out on the surfaces of various geologic ter- 
renes [Schoutens, 1979]. 

bttpaet flow flold caleulatiMia 

O'Keefe and Ahrens [1963, 1982, 1977b] have calculated using 
two dimensional elastic-plastic hydrodynamic code calculations, 
the cumulative relative mass of ejecta at a given velocity or lower, 
versus, velocity (Fig. 3) for the case of silicate and ice projectiles 
impacting a silicate halfspptce at 5 to 45 km/sec for projectiles 
with densities ranging from 0.01 to 2.9 g/cm’. Between ejection 
velocities of V s 10~^ to 2 km/sec, all of these calculations are 
closely described by an expression of the form: 

(V/Vm,)-I (5) 

^mto < V where ( = 1.38 ± 0.02 and V,^ is minimum 


is the maximum velocity ejection velocity. The physical interpre- 
tation of is it is the minimum ejection velocity for the 
crater, and it should be consistent with the total mass ejected 
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from the crater, M7. The value of ( « 1.38 obtained for impact into 
silicatei is close to the 1.22 t 0.02 value obtained by Housen et al. 
[1983] for impacts in quartz sand. 

Again, we can write a complementary relation instead of (5) 
as; 


l-(V/V,„.)-< (8) 

sdiere Me, is the cumulative mass having velocity greater than V. A 
similar relation based on dimensional analysis was recently derived 
by Kouien et al. [1963]. In order to non-dimensionalize the velo- 
city, V, Housen et al. divided V by vgU/i where D is crater diame- 
ter. and g is planetary gravity. We have alternatively assumed for 
the size of craters of interest gravity scaling is appropriate. We 
assume that: 




(7) 


where dn^i i* depth of the crater and just the 

minimum velocity required to lift ejecta to the rim of the crater. 
We estimate d,^ by assuming: 




( 8 ) 


where p is the density of the silicate planet and the factor, K, the 
crater diameter to depth ratio varies from 5 [Pike. 1974] to values 
possibly as high as 20. 

One constraint on fragmentation is when the internal energy 
of the impact exceeds the energy required to melt or vaporize the 
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plftnatftry material. We have examined this issue and have plotted 
the ratio of the internal energy in the ejecta the incipient melt 
energy as a function of ejection velocity. Referring to Agure 4. the 
ejecta internal energy is an appreciable fraction of the melt 
energy, independent of Impact velocity, for ejection velocities 
greater than 1 km/s. In the case of impacts at high velocities {y 
^ km/s) into porous regoliths. this fraction is high for nearly all 
ejecta velocities. 


VhigmcBi^ea U1M17 

The objective of the theory was to determine the distribution 
function of the fragments ejected at a given velocity. This is 
accomplished by esUblishing a relationship between measured dis* 
tribution functions foi fragments in crater ejecta blankets and cal* 
culated functions describing the amount of mass ejected at a given 
velocity and the unknown distribution of fragments ejected at a 
given velocity. 

By definition the cumulative amount of mass of fragments 
of mass greater than m is given by 


M. 




( 9 ) 


where 



is the amount of mass ejected at velocities between V 


and V4>dV. and f (m. m^ (V)) is the unknosm distribution of frag- 
ments ejected at V. 


The expression for the amount of mass ejected at a given v*A9’ 
city. Vf^ can be determined from the curve fit expressions to the 
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cumulative amount of mass ejected at velocities greater than v 
given by equation 6. 


a V 





( 10 ) 


The key assumption in the theory is that functional form of 
distribution of fragments ejected at a given velocity has the same 
form as the distribution function of the fragments in the ejecta 
blanket. With this assumption the cumulative amount of mass of 
fragments of mass greater than m is given by 


f (m. mbv (v)) = 




i. 

1 - 

m 

a 

mbv 




( 11 ) 


where m^y is mass of the largest fragment ejected at a given velo* 
city V. and 0, is an unknown parameter to be determined. 

In addition, we assume that the mass of the largest fragment 
ejected at a given velocity is a function of the velocity of ejection 
and is given by 


niby (V) 

mb 



( 12 ) 


where d is an unknown parameter to be determined. 

Now substituting equations (10). (11). and (12) into Eq. 9 and 
evaluating the integral we have 


f 

1 - 


•f 

1 + 44 

-I 


m 

.L 
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L 
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mb 





( 13 ) 


In terns of mean fragmcnc diameter 
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The above expression has been compared to experimental 
cumulative fragment mass versus relative diameter data and the 
simple power law fits to that data. The difference between these 
are only small when 

(J = 4 2-L (15) 

a 

and when the parameter > 2. The result of varying P is shown in 
figure 5. where we compare the results to the data of Gault et al. 
[1963] and Fujiwara et al. [1977] . 

Finally, we can also evaluate 6 using Eq. 15. Allowing ( to vary 
from 1.34 to 1.38 and a to vary from 0.53 to 0.42 we obtain values 
of 6 in the range + 9.9 to + 7.6. 


Al^eatiMia and CMiclusions 

The meaning of the value of ft appropriate for the constant in 
Eq. 12 is illustrated by the plot of Fig. 6. The value of ft = 2 implies 
that only 20% of the mass of all the ejecta traveling at a given velo- 
city, V, have particle masses less than 0.1 times the mass of the 
largest fragment traveling at this velocity. Qualitatively, this 
result implies that for each velocity the fragment size in the ejecta 
cloud at that velocity is nearly monodispersed. 

Equation 1 may be directly applied to provide an upperbound 
on the amount of very fine ejecta (<lyum) which could be launched 
as a result of impact of a very large projectile as, for example, that 
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proposed by Alvarez et al. tu have impacted the earth at the end of 
the Cretaceous and affected the global climate and possibly evolu- 
tion. Using the estimated crater size of Schmidt and Holsapple 
[1982] implies that the mass total crater ejecta in the 10‘" to 10^^ 
g range thus a range of maximum ejecta fragment mass of 10‘* to 
10*® g (Eq. 4). Equation 1 then yields an estimate of the maximum 
mass fraction of ejecta having a mass less than 10~*^ g 
(<l/i,m diameter) in the range 10“® to 10"^ of the total ejecta mass 

or 10‘® 10*^ g. Calculations of Gerstl et al. require 10*® g to com- 
pletely reduce the sunlight by a factor 10~®, thus reductions by at 
least an order of magnitude are feasible by solid fragments from 
that event. Note that melt or condensed vapor may also make a 
large contribution to the inventory of very small particles 

Using the values of 6 - 4-7.6 to +9.9 in Eq. 12 yields values of 
the launch velocity of the ejecta which is 200 to 500 times 
Plausible values are 10"® to 10“ * km/sec. Hence, all of the 
ejecta is initiadly launched to speeds of at least 1 km/sec and 
although ballistical'.y it cauinot be carried far in the atmosphere it 
carried along with the air splash from such an impact (e.g. O’Keefe 
and Ahrens, 1982), and will reach the upper atmosphere. It should 
also be noted that the depth of a plausible crater from such an 
event on the order of 0. 1 to 10 km for the diameter range 2 to 200 
km, and thus can approach the atmosphere scale height (7 km). 
Hence, we infer that virtually all of the fines will be launched to the 
upper atmosphere. 

We have used Eqs. 2, 4. 5, 7, 8, and 12 to calculate the largest 
ejecta fragment that can be launched to escape velocity via impact 
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from the assumed rock surface of the Ceres (the largest asteroid), 
Moon, Mars, and Earth. The uncertainty shown in the figure results 
largely from the uncertainty in the parameter of 6 (Eq. 12). For a 
crater of a diameter of 10 km on Ceres, fragments of '^10 m diame- 
ter would just exceed the escape velocity of 460 m/s. For a crater 
of a diameter of 50 km on the Moon, fragments moving at the 2.4 
km/s escape velocity could be as large as 1 km in diameter 
according to Eqs. 4 and 12. whereas for an atmosphere-free object 
with the escape velocity of the earth, a 50 km crater could launch 
only a 3 m diameter ejecta fragment, to escape velocity. The larg- 
est fresh martian craters have diameters of « 50 km. Fig. 6 indi- 
cates the ejecta fragments no larger than ssl0‘ to 10* m (with an 
uncertainty of an order of magnitude) could be launched to 5 km/s 
from Mars. 

When we include the effect of melting and vaporization at high 
ejection velocities this imposes a severe constraint on the frag- 
ment size produced as a result of all impacts except those occur- 
ring very obliquely (e.g. <10") [Melosh, 1983; Singer. 1983; O’Keefe 
and Ahrens. 1977b]. Referring to figure 4, we see that for ejection 
velocities greater than - 2 km/s. the average internal energy of 
the ejecta is greater than the incipient melt energy. The implica- 
tion of these results are that for planets having escape velocities 
greater than the moon, the ejecta from all impacts, except possi- 
bly highly oblique impacts, will be melted. The solid and 
melt/vapor regimes are indicated in figure 7. In the case of 
impact ejection from Mars, consideration of the enhanced ejection 
of material from very oblique impacts or possibly from volatile- 
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bearing media [Wasson and Wetherill, 1979; O'Keefe and Ahrens. 
1983] may allow some solid impact ejecta to be launched and 
escape from Mars. 

Acknoidedgmenta 

Research supported under NASA grant NSG-7129. We appreci- 
ate the helpful comments profTerred by D. Stevenson. Contribution 
3959. Division of Geological and Planetary Sciences. California 
Institute of Technology. 


- 19- 


RaferencM 

AHRENS, T. J., AND O'KEEFE, J. D. (1983). Impact of an asteroid or 
comet in the ocean and the extinction of terrestrial life. Part 2. 
Proc. 13t i Lunar and Planetary Science Cdnf. Supplement, J. Geo- 
phys Res.. B8.A799-A806. 

ALVAREZ, L. E., ALVAREZ, W.. ASARO, F.. AND MICHEL, H. V. (1980). 
Extraterrestrial cause for the Cretaceous-Tertiary extinction. Sci- 
ence, 206 . 1095-1108. 

BOGARD, 0. D. AND JOHNSON. P. (1983). Martian gases in an Antarctic 
meteorite. Science, 221, 651-653. 

FUJIWARA, A.. KAMIMOTO, G.,AND TSUKAMOTO. A. (1977). Destruction of 
basaltic bodies by high-velocity impact. Icarus, 31, 277-288. 

FUJIWARA. A. AND TSUKAMOTO, A, (1980). Experimental study oi the 
velocity of fragments in collisional breakup. Icarus. 44. 142-153. 

GAULT. D. E.. SHOEMAKER. E. M.. AND MOORE. H. J. (1963). Spray 
ejected from the lunar surface by meteoroid impact: NASA Publi- 
cation TND-1767, p. 39. 

GAULT, D.E. (1983). The terrestrial accretion of lunar material. Lunar 
and Planet. Sd. XIV, Abstracts from Session on Meteorites from 
the Earth's Moon, Lunar and Planetary Inst., p. 8-9. 

GERSTL, S. A. W., AND ZARDECKI, A. (1982). Reduction of photosynthet- 
ically active radiation. Proc. Conf. Large Body Impacts. Sp. Paper 
§190, Geol. Soc. Am., p. 201-210. 

GRADY, D. E., AND KIPP, E. (1980). Continuum modelling of explosive 
fracture in oil shale. Int. J. Rock Uech. h!in. Sci. Se Geomech. 
Abstr., 17. 147-157. 

HARTMANN, W. K. (1969). Terrestrial, lunar, and interplanetary rock 


• 20 - 


fragmenUvtion. Icarus, 10,201-203. 

HOUSEN, K. R.. SCHMIDT. R. M.. AND HOLSAPPLE. K. A. (1983). Crater 
ejecta scaling laws: Fundamental forms based on dimensional 
analysis. J. Gsopftys. Rss. , 88 , 2485-2499. 

JONES, E. M., AND KODIS, J. W. (1982). Gradient acceleration as a 
mechanism for rapid world-wide dispersal of particulates following 
a large-body impact. Abstract. Lunar 8e PUxnstary Science XIII, 
867-868. 

KAULA, W. M. (1979). Thermal evolution of earth and moon growing by 
planetesimal impacts. J. Geophys. Res., 84. 999-1006. 

LANGE, M. A., AND AHRENS. T. J. (1982). The evolution of an impact 
generated atmosphere. Icarus, 91, 96-120. 

LANGE. M. A.. AHRENS. T. J., AND BOSLOUGH, M. B. (1983). Impact 
cratering and spall failure of gabbro, submitted to Icarus. 

MCSWEEN. H. Y.. JR.. STOLPER, E. M.. TAYLOR, L. A., MUNTEAN. R. A.. 
O'KELLEY. G. D.. ELDRIDGE. J. S.. BISWAS. S.. NGO. H. T.. AND 
LIPSCHUTZ, M. E. (1979). Petrogenetic relationship between Allan 
Kills 77005 and other achondrites. Earth Planet. Sci. Lett., 45, 
275-284. 

MELOSH, H. J. (1983). Impact ejection, spallation and the origin of the 
meteorites, submitted to Icarus. 

NAKAMURA, N.. UNRUH, D. M.. TATSUMOTO. M., AND HUTCHISON, R. 
(1977). Origin and evolution of the NakhIa meteorite inferred from 
the Sm-Nd and U-Pb systematics and REE, Ba, Sr, Rb, and abun- 
dances, Geochxm. COsmochim. Acta, 46. 1555-1573. 

NYQUIST, L E. (1982). Do oblique impacts produce martian meteor- 
ites? Proc. Lunar Hanet. Sci. Conf 13th, Suppl. J. Geophys. Res., 


- 21 - 


88, A779-784. 

OBERfiECK, V. R. (1975). The role of ballistic erosion and sedimenta- 
tion in lunar stratigraphy. Rtv. Gtaphys. Spac» F^s., 13, 337-362. 

O’KEEFE. J. D., AHRENS, T. J. (1977a). Impact induced energy parti- 
tioning, melting and vaporization on terrestrial planets. Proc. 
Lunar Sci. Conf . . 8th, 3357-3374. 

O’KEEFE. J. D.. AND AHRENS, T. J. (1977b). Meteorite impact ejecta: 
Dependence of mass and energy lost on planetary escape velocity. 
Science, 196 , 1249-1251. 

O’KEEFE. J. D., AND AHRENS. T. J. (1982). The interaction of the 
Cretaceous-Tertiary extinction bolide with the atmosphere, ocean, 
and solid earth. Proc. Conf. on Large Body Impacts and Terres- 
trial Eluolution, Sp. Paper 0190 Geol. Soc. Am., 103-120. 

O’KEEFE, J. D., AND AHRENS, T. J. (1983). Constraints on the impact- 
on-Mars origin of SNC meteorites (abstr.) in Lunar and IHanetary 
Science XIV, Lunar and Planetary Institute, Houston. 578-579. 

OSTERTAG, R.. AND RYDER. C. (1983). ALHA 81005: Petrography, 
shock. Moon, Mars, Giordano Bruno, and composition (abstr.) in 
Lunar and Planetary Science XIV, Abstr. from on meteorites from 
earth’s moon: Lunar and Planetary Inst., 23-24. 

PIKE, R. J. (1974). Depth/ diameter relations of fresh Lunar craters: 
Revision from spacecraft data. Geophys. Res. Lett., 1, 291-294. 

SAFRONOV, V. S. (1972). Evolution of the Protoplanetary Cloud and 
Formation of the Earth and Planets, NASA TT 71-50049. 

SCHMIDT, R. M.. AND HOLSAPPLE, K. A. (1982). Crater size for large- 
body impact: Gravity-scaling results. Conference on Large Body 
Impacts, Snowbird. Utah. Oct. 19-22, 1981, Geol. Soc. Am. Spec. 


- 22 - 


Pap. 190. 

SCHOUTENS, J. E. (1979). ^hicltar gwphysics sourcsbook, IV-Part II, 
Empirical analysis of nuclear and high-explosive cratering and 
ejecta Rep. DNA 65 OlH-4-2, Defense Nuclear Agency. Washington, 
D.C. 

SEEBAUGH, W. R. (1975). Science Applications, Inc.; DNA Report 3640 

1 . 

SHOCKEY. D. A.. CURRAN. D. R, SEAMAN. L. ROSENBERG. J. T., AND 
PETERSEN. C. F. (1974). Fragmentation of rock under dynamic 
loads, Int. J. Rock Mach. Min SH., 11, 303-317. 

SHOEMAKER E. M. (1962). Interpretation of lunar craters, in Physics 
and Astronomy of the Moon. Ed. Z. Kopal, 283-357. Academic 
Press. 

SINGER, A. V. (1983). The effect of an impact-generat?d gas cloud on 
the acceleration of solid ejecta (abstr.) in Lunar and Planetary 
Science XIV: Lunar and Planetary Institute, Houston, 704-705. 

TOON. 0. B.. POLLACK. J. B.. TURCO, R P.. MCKAY. C. P., AND KING. M. 
(1982). Large body impacts: Evolution of the dust cloud and its 
effects on atmosphere: Proc. Conf. Large Body Impacts and Terres- 
trial Evolution, Sp. Paper 01^, Geol. Soc. Am., 187-200. 

TREIMAN, A. H., AND DRAKE, M. J. (1983). Meteorite from the moon: 
Petrology of terrane clasts and one more clast in ALHA 61005,9 
(abstr.) in Lunar and Planetary Scisnce XIV, Abstracts from the 
session on meteorite from Earth’s moon: Lunar Planetary Insti- 
tute, 35-36. 


WARREN. P. H., TAYLOR. G. J.. KEIL. K., AND SCOTT, E. R. D. (1983). 
Petrology of Allan Hills A71005, and implications of a meteorite 


-23- 


from the moon, (abstr.). EOS. 64 . 252. 

WASSON, J. T., AND WETHERILL, G. W. (1979). Dynamical, chemical, and 
isotopic L'vidence regarding the formation location of asteroids and 
meteorites, in Asteroids, T. Gehrels, ed., 926-974, U. Ariz. Press. 


• 24 - 


ngun Caption! 

Fig. 1. Ejr ' ta size distribution from hypervelocity impact experiments on 
basalt [Gault et al., 1963], particle size distributions from (!0 kton) 
contained underground explosion, Piledriver [Seebaugh, 1975], and 
various surface and nuclear and chemical explosions [Schoutens, 
1979]. Explosive yield in 10’ tons of TNT indicated in parenthesis. 

Fig. 2. Mass of the largest fragment versus total ejected mass for explo- 
sive and impact cratering events [after Gault et al.. 1963]. 

Fig. 3. Cumulative ejecta mass at velocity less than V versus ejecta velo- 
city. Calculations for impacts of solid silicate and ice at 5 km/sec 
are indicated. 

Ftg. 4. Ratio of the internal energy of ejected fragments to incipient melt 
energy as a function of ejection velocity. Impact velocities are 5 
and 30 km/s onto solid and porous (31%) silicate planetary sur- 
faces. 

Fig. 5. Normalized ejecta cumulative mass distribution versus cumulative 
mean ejecta size at a given velocity for different values of 
Curves a, b, c, and d correspond to a = 0.48 and values of = 0.2, 
0.5, 2, and 5. respectively. 

Fig. 6. Normalized ejecta cumulative mass distribution versus mean 
diameter for impect experiments on basalt. Theoretical values of 
distribution calculated from Eq. 13 for different values of 0 . 

Fig. 7. Calculated maximum ejecta particle size versus impact crater 
diameter for escape from the atmosphereless planets having the 
mass and radius of the asteroids (Ceres). Moon. Mars and earth. 
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